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We investigate the detectability of axino-like particle, which is defined as a supersymmetric partner
of axion-like particle and can be a good candidate for dark matter in our Universe. Especially, we
consider the fixed target experiments to search for the light axino-like particle with a neutralino
as the next-to-lightest supersymmetric particle. We calculate the production and decay rate of
neutralinos and the consequent number of events (such as photons and charged leptons) that are
produced when the neutralinos decay to the axino-like particles.
PACS numbers:
I. INTRODUCTION
Supersymmetry (SUSY) gives a natural candidate for
dark matter since the lightest supersymmetric particle
(LSP) is stable when the R-parity is unbroken. When
the axion is introduced to solve the strong CP problem
in the standard model (SM), the fermionic SUSY part-
ner, axino, can be the LSP and cold dark matter [1–4]. In
the beyond standard models or in the superstring moti-
vated models, there can exist ubiquitous axion-like parti-
cles (ALPs) and their fermionic superpartner, axino-like
particle (which we call “ALPinos”), with a wide range of
mass scales [5–10].
One of the stringent constraints on the interaction
of axino comes from the lower bound on the Peccei-
Quinn scale, fa & 109 GeV [11]. This constraint is ob-
tained from the energy loss of stars due to the miss-
ing energy through the light axions. It is dominant
for the mass of ALPs smaller than sub-MeV, and the
constraints for the mass range between sub-MeV and
sub-GeV are given by SN1987A, supernovae and vari-
ous beam-dump experiments depending on the size of fa
and couplings to other particles, see e.g., Refs [12, 13].
For a recent comprehensive review on the constraints for
the ALPs, refer to Refs. [14–16] and for dark axion to
Ref. [17]. For ALPs [18, 19] heavier than about 1 GeV,
those bounds mentioned above are not applied and much
smaller Peccei-Quinn scale can be allowed. Therefore,
the interaction of ALPinos also can be free from this
constraint as long as ALPs mass is larger than about 1
∗Electronic address: kiyoungchoi@skku.edu
†Electronic address: inami@phys.chuo-u.ac.jp
‡Electronic address: kadota@ibs.re.kr
§Electronic address: inwpark@kaist.ac.kr
¶Electronic address: seto@particle.sci.hokudai.ac.jp
GeV as we are going to assume.
In this paper, we study the possibility to detect the
ALPinos from the search of hidden particles in the fixed
target experiments as well as the cosmological observa-
tions. Here, we focus on the ALPino (a˜)-photon (Aµ)-
photino (γ˜) interaction [2], of
Lint = αemCaγγ
16pifa
a˜γ5[γ
µ, γν ]γ˜Fµν , (1)
where αem is the fine-structure constant, Fµν is the
field strength of electromagnetic vector potential Aµ and
Caγγ = O(1) is a model-dependent constant 1. For the
bino-like neutralino χ˜, that will be studied in this paper,
the coupling is multiplied by cos θW . The interactions
for ALPinos are typically very weak, suppressed by the
scale of the spontaneous symmetry breaking fa. The
mass of ALPino ma˜ in general does not have to be of
the order of the SUSY breaking, unlike the gravitino and
ordinary supersymmetric particles, and ma˜ can be in-
deed much smaller than the SUSY breaking scale in the
visible sector [20–23]. While the model details such as
the exact form of superpotential and the SUSY breaking
mechanism are required to specify the value of ma˜, in this
paper, we consider the parameter range of ma˜ (. O(1)
GeV) which is small enough to be produced in the fixed
target experiments.
We consider the case that the lightest neutralino χ˜01
is the next-to-LSP (NLSP) and produced by decays of
mesons at the target of the fixed target experiments.
The neutralino goes through the shielding and subse-
quently decays into an ALPino and a photon or a pair
of charged particles, that can be probed at the detector
1 Compared to the usual notation gaγγaFµν ˜Fµν , gaγγ =
αemCaγγ/(8pifa) in our model.
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2far behind the target. We first consider the constraints
from the present experiments such as CHARM [24, 25],
NOMAD [26, 27]. Next, as a specific future prospect, we
consider NA62 [28], SeaQuest [29] and the SHiP exper-
iment [30, 31] to search for ALPinos. We also examine
the relic density of ALPino as the main dark matter com-
ponents in the Universe.
In Section II, we introduce the production of neutrali-
nos in the fixed target experiments. In Section III, we
study the constraints from the existing experiments and
detectability of ALPinos in the future experiments. In
Section IV we examine the relic density of ALPinos as
dark matter. We conclude in Section V.
II. PRODUCTION OF NEUTRALINOS FROM
DECAY OF MESONS AT FIXED TARGET
EXPERIMENT
In the fixed target experiments, energetic particles of
high-luminosity collide with the target and produce a
large number of hadrons and weakly interacting parti-
cles. The weakly interacting particles can penetrate the
shield and could give observable signatures at the far de-
tector. For example, a future fixed target experiment,
Search for Hidden Particles (SHiP) experiment, will use
the CERN SPS beam with the energy 400 GeV, which
corresponds to the center of mass energy
√
s ' 27.4 GeV.
The total number of protons on the target is expected to
be Npot = 2 × 1020 [30, 31]. From the collision at the
target, neutralinos with the mass less than O(10) GeV
can be produced, and penetrate the shield. If these parti-
cles decay before the detector, which is about 100 meters
away from the target, we can identify their decay. The
characteristics of other similar experiments are summa-
rized in Table I.
The main production of neutralinos is a decay of
mesons M produced by collisions between the beam and
the target,
pp→M +X with M → χ˜01χ˜01 +X ′, (2)
with accompanying by-products X,X ′ that are stopped
at the shielding. The neutralinos penetrate the shield
and decay in the decay-volume into an ALPino and a
photon (or a pair of charged leptons):
χ˜01 →
{
a˜+ γ
a˜+ `+ + `− . (3)
These photons or di-lepton can be detected at the far
detector. On the other hand, ALPinos can be produced
also directly from off-shell photons, γ∗ → a˜+ B˜, emitted
from the beam in bremsstrahlung. The cross section for
electron beams is estimated as
σBrem ∼
(
α3em
16pifa
)2
∼ 10−10
(
200GeV
fa
)2
pb. (4)
Eperiment Beam Eenergy Npot l(m) ∆l (m)
CHARM [24, 25] 400 GeV 2.4× 1018 100 10
NOMAD [26, 27] 450 GeV 4.1× 1019 835 10
NA62 [28] 400 GeV 1018 81 135
SeaQuest [29] 120 GeV 1.44 × 1018 5 10
SHiP [30, 31] 400 GeV 2× 1020 70 55
TABLE I: The characteristics of the fixed target experiments
used in this paper.
Meson pi+ pi0 pi− η ρ0 ω φ
NM,multi 4.10 3.87 3.34 0.30 0.385 0.390 0.019
TABLE II: The multiplicities for mesons of pi, η, ρ, ω, and φ
in a proton-proton collision at
√
s = 27.4 GeV [33].
Thus, existing electron beam experiments such as the
E141 [32] do not give significant constraints on the pa-
rameter region of our interest. Similarly, the proton-
nucleon cross section with off-shell bremsstrahlung pho-
ton can be expressed as
σBrem ∼ σpNαem
(
αemE
16pifa
)2
∼ 10−15σpN
(
200GeV
fa
)2
,
(5)
with σpN and E are the total cross section for a proton-
nucleon collision and the energy scale of interactions re-
spectively. As we will show, this contribution is sub-
dominant compared with the production from meson de-
cay. Thus, we neglect this contribution in this paper.
We estimate the number of produced mesons at the
target by using their multiplicities NM,multi
NM = Npot ×NM,multi. (6)
In Table II, we show the multiplicities for mesons of
pi,K, η, ρ, ω, and φ in a proton-proton collision at
√
s '
27.4 GeV. For mesons, we also used the energy spectrum
from a proton beam dump experiment [34].
For the J/ψ meson and the neutral B meson, we esti-
mate the number of produced mesons using the produc-
tion cross section as [30]
NM = Npot
σM
σpN
, (7)
where σM is the meson production cross section per nu-
cleon.For σpN ' 40 mb, σJ/ψ = 200 nb and σB = 3.6
nb, we find that 1015 J/ψ mesons and 2 × 1013 neutral
B-mesons are expected to be produced [30].
The number of produced neutralinos from a meson de-
cay can be given by
Nχ˜01 ' 2NM × BR(M → χ˜01χ˜01 +X ′), (8)
3Meson Decay B− → K−χ˜01χ˜01
|CF | 3.22× 10−7
|CL| 2.50× 10−9
|CR| 9.58× 10−9
TABLE III: The numerical values for coefficients CF , CL, and
CR for mq˜i = 3 TeV and 10 TeV for the masses of other SUSY
particles.
where the factor 2 arises because a pair of neutralinos are
produced from one meson decay.
The branching ratio of the decay for neutral mesons
have been calculated in the R-parity conserving case in
Refs. [35, 36]. Those are given by
BR(P → χ˜01χ˜01) = CP
(
1 TeV
mq˜
)4( mχ˜01
1 MeV
)2√
1− 4
m2
χ˜01
m2P
,
BR(V → χ˜01χ˜01) = CV
(
1 TeV
mq˜
)4(
1− 4
m2
χ˜01
m2V
)3/2
,
(9)
with CP = (9.30, 0.263)× 10−18 for pseudo-scalar meson
P = pi0, η, and CV = (0.801, 15.7, 7.51, 5.12× 105, 4.47×
106) × 10−18 for vector-meson V = ρ0, ω, φ, J/ψ,Υ, re-
spectively. By comparing Eqs. (5) and (9), for example
for 100 MeV neutralinos, it becomes clear that the num-
ber of neutralinos produced bremsstrahlung is smaller
than that from meson decays.
The analytical formulae to treat the decays B− →
K−/pi−χ˜01χ˜
0
1 was not available in the literature while the
numerical results for the particular sets of SUSY particle
masses have been presented in Refs. [36–38]. We hence
re-performed the calculations for our desirable parame-
ter sets with much higher mass scale & O(10) TeV than
those (of the order of 100 GeV) in the previous literature
due to the tight constraints from the LHC.
Among those mesons, let us here outline the calcu-
lations we performed to treat the decays of a B− into
neutralinos under the mass spectrum of supersymmetric
particles which is consistent with the latest LHC results.
For concreteness, we assume that the lightest neutralino
of bino-like is light enough to be produced at a fixed tar-
get experiment by taking the mass M1 about 100 MeV,
while the other neutralino species are heavy. We also
take the masses of squark as 3 TeV and the other SUSY
particles as 10 TeV.
The amplitude for the decay P−i → P−f χ˜01χ˜01 is given
by [36]
MP−i →P−f χ˜01χ˜01 =
GF
2
(
CF ( ¯˜χ
0
1γµγ
5χ˜01) 〈Pf | q¯fγµqi |Pi〉
+ CL( ¯˜χ
0
1PLχ˜
0
1) 〈Pf | q¯fqi |Pi〉+ CR( ¯˜χ01PRχ˜01) 〈Pf | q¯fqi |Pi〉
)
+
Cps
mPi
( ¯˜χ01/psγ
5χ˜01) 〈Pf | q¯fqi |Pi〉 ,
(10)
where qi (qf ) is the initial (final) quark field and GF is
the Fermi constant and P−i and P
−
f represent the initial
and the final pseudo-scalar mesons. For instance, for
K− → pi−χ˜01χ˜01, those are qi = s and qf = d. Here we
note that the terms of ¯˜χ01γ
µχ˜01 and ¯˜χ
0
1[γ
µ, γν ]χ˜01 vanish
for a Majorana neutralino, and the terms q¯fγ
µγ5qi and
q¯fγ5qi also vanish in the matrix element for pseudo-scalar
mesons due to the odd parity.
Then, the invariant matrix element for a charged me-
son decay can be rewritten by [35, 36]
MP−i →P−f χ˜01χ˜01 = GF
[
CF (u¯χ˜01γµγ
5vχ˜01)F
µ
+ CL(u¯χ˜01PLvχ˜01)
F · (kPi − kPf )
mqi +mqf
+ CR(u¯χ˜01PRvχ˜01)
F · (kPi − kPf )
mqi +mqf
+ Cps(u¯χ˜01/psγ
5vχ˜01)
F · (kPi − kPf )
mqi +mqf
]
,
(11)
where Fµ is a matrix element defined as Fµ ≡
〈P−f |q¯fγµqi|P−i 〉. For the decomposition of Fµ, we re-
fer to Ref. [39] for Kaons and Ref. [40] for B-mesons as
well as the Appendix in Ref. [36]. The second term is
obtained from
〈P−f |q¯fqi|P−i 〉 =
F · (kPi − kPf )
mqi +mqf
. (12)
by using kPi − kPf ∼ kqi − kqf .
In Table III, we show the numerical results for the
absolute values of the coefficients CF , CL, and CR for
mq˜ = 3 TeV to avoid the LHC constrants and the other
SUSY particle masses of 10 TeV. We do not show Cps
because it is smaller than the other terms. Those co-
efficients can be obtained from the one-loop diagrams
by integrating the heavy spectrum [36]. For this, we
have used Feynarts, FormCalc and LoopTools [41, 42]
with neglecting all external momenta which are negligible
compared to SUSY scalar particle masses and the W bo-
son mass. For the Kaon decay, the CF term is dominant,
while for the B-meson decay both CF and CR terms are
important.
From Eq. (11) and using the values in Tab. III, we
obtain the branching ratio for the decay
BR(B− → K−χ˜01χ˜01) ' 2.8× 10−13, (13)
4for the small lightest neutralino mass mχ˜01  mK . These
branching ratios would change for large SUSY particle
masses, inversely proportional to the quartic power of a
squark mass because the squark propagator shows up at
the tree level.
III. ALPINO IN THE FIXED TARGET
EXPERIMENT
The decay rate of the bino-like neutralino into an
ALPino and a photon can be obtained from Eq. (1) as
Γ(χ˜01 → a˜+ γ) =
α2emC
2
aχγ
128pi3
m3
χ˜01
f2a
(
1− ma˜
2
m2
χ˜01
)3
, (14)
with Caχγ = CaγγZχB where ZχB stands for the Bino
fraction of the neutralino. In the following, we take the
pure-Bino limit ZχB → 1, and Caγγ = 1 for concreteness.
In this case, the lifetime of the neutralino is given as
τ(χ˜01 → a˜+ γ) =0.49× 10−9sec
(
1/128
αem
)2(
fa
105 GeV
)2
×
(
10 GeV
mχ˜01
)3(
1− ma˜
2
m2χ
)−3
.
(15)
The neutralino can decay also into an ALPino and two
charged leptons, χ˜01 → a˜ + `+ + `−, through a virtual
photon and the Z-boson. The decay rate for this is (refer
to Appendix B for details)
Γ(χ˜01 → a˜+ `+ + `−) '
α3emC
2
aχγ
512pi4
m3
χ˜01
f2a
(
4 ln
mχ˜01
m`
− 6
)
,
(16)
in the limit of mχ˜01  m`. Here ` refers to light charged
leptons such as an electron and/or muon.
The number of neutralinos that decay inside the de-
tector region can be estimated by multiplying the decay
probability with the number of neutralinos produced [30].
For this, we consider the energy distribution of the neu-
tralinos from meson decays, the corresponding γ factor
and the angular acceptance tan θc . d/(l + ∆l) assum-
ing that the parent meson has a momentum parallel to
this axis, with the detector size d, the decay volume with
the distance l from the target and its volume length of
∆l. For two body decays, the number of events in the
detector region is estimated as
Ndet = Nχ˜01
∫
dEMpM (EM )
∫ θc
0
1
2
sin θdθ
∫
dEχ p(Eχ, EM )
×
[
exp
(
− l
γχβχcτ
)
− exp
(
− l + ∆l
γχβχcτ
)]
.
(17)
with γχ = Eχ˜01/mχ˜01 being the relativistic γ factor and
βχ = v/c. We integrate over the energy distribution
of the neutralino pχ(Eχ, EM ) and also the energy spec-
trum of the meson pM (EM ). For two-body decay, the
pχ(Eχ, EM ) is flat distribution in the range
1
2 (1− ββ¯) ≤
Eχ/EM ≤ 12 (1 + ββ¯) with β =
√
1−M2/E2M and
β¯ =
√
1− 4m2χ/M2. Here, we have restricted the an-
gle less than θc ' arctan(d/(l + ∆l)) which is the angle
of the neutralino from the axis of the decay volume to
the detector radius. For three-body decay, the formula
is more involved and summarized in the appendix. We
adopt the criteria Ndet < 3 for no observation, assuming
the negligible background events. However, for mono-
photon this is a very optimistic assumption, since the
background rejection of a single photon is quite difficult.
With related to this, in Fig. 2, we show also the con-
tour of the number of events. For mono-photon events,
the background may be reduced by selecting the energy
range and the angle acceptance. In Fig. 1, we considered
the event with the energy of the final charged particles
or the photons larger than 1 GeV.
In Fig. 1, we show the results of our analysis, by
the region probed with mono-photon (left) and electron-
positron signals (right). For the mono-photon signals,
NOMAD, CHARM can constrain the region of neutralino
mass less than 80 MeV and f−1a & 10−3 GeV−1 from pion
decay. For NOMAD (inside the blue solid line), the small
region at mχ˜01 ∼ 200 MeV also can be constrained due to
its high luminosity. The experiments NuCal and BEBC
also give the comparable constraints [61, 62].
In the future experiments, we found NA62 does not im-
prove much compared to NOMAD, so we did not show
in the figure. However SeaQuest (green dashed line) can
probe a similar region as NOMAD due to the large angu-
lar acceptance with a near detector, if ECAL is installed
in the future upgrade of the detector and the photon
background can be reduced with the proper adjustment
of the shielding, which can also reduce the fiducial volume
of the detector though. The SHiP experiment is expected
to have a better sensitivity. The projected search re-
gion by the SHiP experiment is shown with dashed lines
(blue for pi0 decay and orange for η decay) for mono-
photon signals (Left) and for lepton pair production sig-
nals (Right) in Fig. 1, where the inside regions can be
probed by the specified meson decay with the number
of events more than 3. With electron pairs, the decay
of pi0 and η may produce a detectable number of events
for f−1a & 2× 10−5GeV−1 and mχ˜01 . 300 MeV from the
mono-photon and f−1a & 2×10−4GeV−1 for the electron
pair. Here, we have used ma˜ = 10 MeV and tanβ = 10
(this tanβ value is chosen in our analysis which can lead
to the desirable Higgs mass while being consistent with
the other bounds such as Bs → µ+µ−).
The ALPino decay constant is also bounded from other
high-energy colliders. The bounds from the mono-photon
(mono-jet) search from the lepton (hadron) colliders such
as the TEVATRON, the LHC, and the LEP are shown
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FIG. 1: The region to be probed for searching ALPino in the plane of f−1a vs neutralino mass mχ˜01 using numbers of events
of mono-photon (Left) and electron-positron (Right). We took ma˜ = 10 MeV, tanβ = 10 with masses of scalar quarks to be
3 TeV and those of other SUSY particles to be 10 TeV. The region above the horizontal lines are excluded by the corresponding
collider experiments, such as Tevatron, LHC and LEP as indicated. The blue shaded region in the left panel can be constrained
by the existing experiment of NOMAD (Blue) with assuming zero background of photons. Inside the contour of dashed lines,
the number of events can be larger than 3 in the future experiments of SeaQuest (Green dashed) and SHiP (blue and orange
dashed). For SHiP, those are produced dominantly from the decay of pi0 (blue dashed) and η (red dashed).
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FIG. 2: The number of signals in the future SHiP experiment with mono-photon (Left) and with electron and positron (Right).
We show the contour plots for the number of signals 3, 10, 100 in each case with blue, red, and green color, respectively. We
used the same mass spectrum as used in Fig. 1.
with horizontal dotted lines in Fig. 1 [43]. The region
above the horizontal line are disfavored 2.
2 Note that our axino coupling has the form of the dipole interac-
tion
αemCaγγ
16pifa
¯˜aγ5 [γ
µ, γν ] γ˜Fµν = −αemCaγγ
8pifa
¯˜aσµν γ˜F˜
µν (18)
6FIG. 3: The number of photon event from the neutralinos
produced by the decay of B-meson. The number of events is
smaller than 2 and may not be possible to be detected in the
SHiP.
The bounds on our ALPino LSP scenarios with the
neutralino NLSP in this figure share the common fea-
tures. The largest value of the lightest neutralino mass
probed by the experiments (represented by the vertical
edge in the figure) depends on the mass of the mesons
which decays into the neutralino. The larger values of
f−1a , which are not able to be probed in the figure, are
due to a too short lifetime of the neutralino so that the
ALPino production occurs before the neutralino reach-
ing the detector. On the other hand, if f−1a is too small,
the neutralino decays after passing through the whole de-
tector (represented by the lower end of f−1a in the reach
regions). The photon signals tend to give tighter bounds
on f−1a than e
± signals because of the difference in the de-
cay rates (Eqns. (14) and (16)). The decay rate into e± is
smaller than that into γ because of the phase space sup-
pression and additional vertex couplings. We also note
that the decay rate of a neutral meson (M = pi0, η, η′,
ρ0, ω, φ, J/ψ,Υ) has a large dependence on the squark
mass scale (inversely proportional to the quartic power
of a squark mass because the squark propagator shows
up at the tree level).
In Fig. 2, we also show the number of signals in the
f−1a vs. mχ˜01 in the future SHiP experiment for mono-
photon (left window) and for electron and positron (right
window) with the number of 3, 10, and 100.
In Fig. 3, we show the contour plot of the number
of photons from neutralinos produced in B-meson decay
and Fig. 1 shows the collider bounds on the dipole interactions
discussed in Ref. [43] to which we refer the readers for the details.
observable at the SHiP experiment. The number is not
enough for a detection since the number is smaller than
2 and thus it does not contribute in the Fig. 1. However,
it may be interesting to check the detectability in the
other future experiment such as MATHUSLA [44, 45],
CODEX-b [46] and FASER [47, 48] or in the search for
long-lived particles through displaced [49] or delayed [50]
tracks in the LHC experiments.
IV. COSMOLOGY OF ALPINO
The stable ALPino can be a good candidate for dark
matter, if they are produced in the early Universe with a
right amount. With the coupling in Eq. (1), the freeze-
out temperature of relativistic ALPino at high tempera-
ture is [51]
Tf ' 1 GeV
(
fa
105 GeV
)2(
0.01
αem
)3
, (19)
where the ALPino and gaugino co-annihilation is the
dominant interaction for the thermalization.
For Tf > ma˜, the ALPino decouples when they are
relativistic, and the abundance is determined by the ef-
fective degrees of freedom at that time. In this case,
the relic number density of ALPino is similar to that of
neutrinos as hot relic and the ALPinos end up being over-
abundant for the mass range of our interest around MeV
to sub-GeV. This conclusion holds in the case of Tf < ma˜
as long as the abundance is determined by the freeze-out.
As is well known for the WIMP, the freeze-out occurs at
around Tf ' mχ˜01/25 for a weak scale masses of a˜ and
χ˜ and the weak scale cross section, which would give the
right amount of WIMP abundance. However, neutralino-
ALPino annihiation cross section σv ∼ α3em/f2a is much
smaller than about one picobarn. Thus, if neutralino
and ALPino are freeze-out thermal relics, DM is over-
abundant.
One possibility to obtain the correct dark matter abun-
dance is the cosmology with a low reheating temperature,
TR < Tf , which is small enough so that neither neu-
tralino nor ALPino can be thermalized [52]. Neverthe-
less, ALPinos can be produced by scattering processes in
thermal plasma. The dominant production processes are
ff¯ → χ˜01a˜ through s-channel photon exchange followed
by the neutralino decay χ˜01 → a˜γ, where f denote a SM
fermion. The number density of ALPino is evaluated by
solving the following Boltzmann equation
dna˜
dt
+ 3Hna˜ = Ccoll.(ff¯ → χ˜01a˜) + Cdecay(χ˜01 → a˜+ γ),
(20)
which can be rewritten as
Ya˜ =
∫ TR
T0
2Ccoll.
sHT
dT (21)
7FIG. 4: The contours satisfying Ωa˜h
2 ' 0.1 are shown in the
plane of f−1a vs neutralino mass for two different cases of TR.
This plot is the case for ma˜ = 10 MeV. By comparing with
Fig. 1, we find that the parameter region to be probed by
the SHiP experiment is cosmologically interesting from the
viewpoint of dark matter. The lower bound on the reheating
temperature, TR & a few MeV, has been derived for successful
Big Bang Nucleosysthesis [53–60]
where TR is the reheating temperature, s is the entropy
density, H is the Hubble parameter, respectively, and a
factor 2 comes from the R-parity conserving neutralino
decay. The resultant abundance depends on ma˜,mχ˜01 and
TR, and can be expressed in the leading order as
Ωa˜h
2 ' 2.8× 10
11
57pi3
(
90
pi2g∗
)3/2 (αem
8pi
)3∑
f
Q2
×
(
ma˜MP
f2a
)
mχ˜01
GeV
e
−m
χ˜01
/TR
,
(22)
for TR  mχ˜01 with g∗ being the relativistic degrees
of freedoms, MP being the reduced Plannck mass, and
Q being the electromagnetic charge of initial state SM
fermions in the unit of e. The appropriate abundance
Ωa˜h
2 ' 0.1 can be obtained for the mass range of our
interest as shown in Fig. 4.
V. CONCLUSION
In supersymmetric models with axion/ALP, there ex-
ists its fermionic superpartner, axino/ALPino. For a
heavy ALP, the usual astrophysical is not applicable any-
more and the symmetry breaking scale known as decay
constant of ALP model, fa, can be lower than the typ-
ical QCD-axion decay constant. In this paper, we have
studied the possibility to search the light ALPino with
the bino-like neutralino as the NLSP at fixed target ex-
periments and also the possibility for the ALPino to be
FIG. 5: The decay of neutralino to the axino and the lep-
ton anti-lepton pair mediated by photon (Left) and Z boson
(Right)
the dark matter. We found that the current experiments
NA62 and SeaQuest will constrain this model, and the fu-
ture experiment SHiP can probe the ALPino decay con-
stant as large as 5 × 103 GeV from e+e− signals and
5× 104 GeV from mono-photon signals for the sub-GeV
neutralino mass. We note also that the ALPinos can be
produced in the early Universe with the desirable amount
of dark matter by the freeze-in from the thermal equilib-
rium at low-reheating temperature.
Appendix A: Three-body decay rate for χ˜01 → a˜`+`−.
The neutralino can decay into axino and lepton, anti-
lepton pair through photon and Z-boson, as shown in
Fig. 5. Since the energy of the fixed target experiment
is smaller than the mass of the Z-boson, the three-body
is dominated by the photon-mediation and the Z-boson
can be ignored.
8Then, the decay rate of χ˜01 → a˜`+`− is given by
Γ(χ˜01 → a˜+ `+ + `−) =
α3eCaχγ
512pi4
1
f2am
3
χ˜01
[
4(m6a˜ −m4a˜m2χ˜01 −ma˜
2m4χ˜01
+ 18ma˜mχ˜01m
4
l − 4m6l +m6χ˜01) ln

√
(ma˜ −mχ˜01)2 − 4m2l −ma˜ +mχ˜01
2ml

1
3
√
(ma˜ −mχ˜01)2 − 4m2l
(ma˜ −mχ˜01)2
{
− 18ma˜6 + 21ma˜5mχ˜01 +ma˜4(30m2l + 22m2χ˜01)− 2ma˜
3(57m2l + 25m
3
χ˜01
)
+ma˜
2(−12m4l + 8m2lm2χ˜01 + 22m
4
χ˜01
) + 3ma˜(8m
4
lmχ˜01 − 38m2lm3χ˜01 + 7m
5
χ˜01
)− 6(2m4lm2χ˜01 − 5m
2
lm
4
χ˜01
+ 3m6χ˜01
)
}]
.
(A1)
For mχ˜01 >> ma˜,ml, we have
Γ(χ˜01 → a˜+ `+ + `−) =
α3emC
2
aχγ
512pi4
m3χ
f2a
(
4 ln
mχ˜01
ml
− 6
)
. (A2)
Appendix B: Three-body decay
The decay rate of three body decay is given by
Γ(M → 1 + 2 + 3) = 1
256pi3
1
M3
∫
|M(s1, s3)|2ds1ds3, (B1)
where invariant masses si = (P − pi)2. We can express the invariant masses in terms of the variables in the boosted
frame by the meson velocity given by EM along the axis of the decay volume.
In this boosted frame, finally we have the number of neutralinos observable at the detector
Ndet =
1
128pi3
NM
M2Γtot
∫
dEMp(EM )
∫ θc
0
∫ E′+3 (θ;Emax3 )
E
′−
3 (θ;E
max
3 )
∫ s1+(Eχ,θ)
s1−(Eχ,θ)
× |M(s1, Eχ, θ)|2
[
exp
(
− l
γχβχcτ
)
− exp
(
− l + ∆l
γχβχcτ
)]
sin θ¯ds1dEχdθ, (B2)
where
γχ = Eχ/mχ, βχ =
√
E2χ −m2χ
Eχ
. (B3)
Here θ¯ and θ are the angles of the neutralino in the rest frame and boosted frame of the meson respectively. The
integration ranges are given appropriately from the kinematics of three-body decay.
Appendix C: ff¯ → χ˜a˜ amplitude
The spin averaged amplitude squared for ff¯ → χ˜a˜ via s-chennel photon mediation integrated over the Lorents
invariant phase space of the final states is given by∫
|M|2dLIPS
=
e2Q2
32pi
(
αem
8pifa
)2
16
3s3
(−2mχ˜s2 (6m3a˜ − 7m2a˜mχ˜ + 2m3χ˜)+ (m4χ˜s+ s3)(mχ˜ −ma˜)(mχ˜ − 5ma˜) +m8χ˜ + s4
+
(
m2χ˜ + s
)√
4m2a˜s+
(
m2χ˜ − s
)2 (
3m2a˜s+mχ˜s(mχ˜ − 6ma˜) +m4χ˜ + s2
))
, (C1)
9for s m2f , and ∫
|M|2dLIPS = e
2Q2
32pi
(
αem
8pifa
)2
32
3
(2m2f + s), (C2)
for s m2χ˜,m2a˜, respectively.
Acknowledgment
K.-Y.C. was supported by the National Research
Foundation of Korea(NRF) grant funded by the Korea
government(MEST) (NRF-2016R1A2B4012302). KK
and I.Park were supported by Institute for Basic Sci-
ence (IBS-R018-D1). O.S. was in part supported by
KAKENHI Grants No. 19K03860, No. 19H05091 and
No. 19K03865. This project was supported by JSPS and
NRF under the Japan - Korea Basic Scientific Coopera-
tion Program (NRF-2018K2A9A2A08000127).
[1] L. Covi, J. E. Kim and L. Roszkowski, Phys. Rev. Lett.
82 (1999) 4180.
[2] L. Covi, H. B. Kim, J. E. Kim and L. Roszkowski, JHEP
0105 (2001) 033.
[3] K. Y. Choi, L. Covi, J. E. Kim and L. Roszkowski, JHEP
1204 (2012) 106.
[4] K. J. Bae, K. Choi and S. H. Im, JHEP 1108 (2011) 065.
[5] E. Witten, Phys. Lett. 149B (1984) 351.
[6] J. P. Conlon, JHEP 0605 (2006) 078.
[7] P. Svrcek and E. Witten, JHEP 0606 (2006) 051.
[8] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper
and J. March-Russell, Phys. Rev. D 81 (2010) 123530.
[9] P. Arias, D. Cadamuro, M. Goodsell, J. Jaeckel, J. Re-
dondo and A. Ringwald, JCAP 1206 (2012) 013.
[10] K. J. Bae, A. Kamada and H. J. Kim, Phys. Rev. D 99
(2019) no.2, 023511.
[11] J. E. Kim and G. Carosi, Rev. Mod. Phys. 82 (2010) 557.
[12] M. Giannotti, L. D. Duffy and R. Nita, JCAP 1101
(2011) 015.
[13] J. Jaeckel, P. C. Malta and J. Redondo, Phys. Rev. D 98
(2018) no.5, 055032.
[14] M. J. Dolan, T. Ferber, C. Hearty, F. Kahlhoefer and
K. Schmidt-Hoberg, JHEP 1712 (2017) 094.
[15] M. Bauer, M. Neubert and A. Thamm, JHEP 1712
(2017) 044.
[16] J. Beacham et al., J. Phys. G 47 (2020) no.1, 010501.
[17] P. deNiverville and H. S. Lee, Phys. Rev. D 100 (2019)
no.5, 055017.
[18] V. A. Rubakov, JETP Lett. 65 (1997) 621.
[19] K. R. Dienes, E. Dudas and T. Gherghetta, Phys. Rev.
D 62 (2000) 105023.
[20] E. J. Chun, J. E. Kim and H. P. Nilles, Phys. Lett. B
287 (1992) 123.
[21] E. J. Chun and A. Lukas, Phys. Lett. B 357 (1995) 43.
[22] L. Covi, H. B. Kim, J. E. Kim and L. Roszkowski, JHEP
0105 (2001) 033.
[23] J. E. Kim and M. S. Seo, Nucl. Phys. B 864 (2012) 296.
[24] F. Bergsma et al. [CHARM Collaboration], Phys. Lett.
128B (1983) 361.
[25] S. N. Gninenko, Phys. Lett. B 713 (2012) 244.
[26] P. Astier et al. [NOMAD Collaboration], Phys. Lett. B
506 (2001) 27.
[27] S. N. Gninenko, Phys. Rev. D 85 (2012) 055027.
[28] B. Dobrich [NA62 Collaboration], Frascati Phys. Ser. 66
(2018) 312.
[29] A. Berlin, S. Gori, P. Schuster and N. Toro, Phys. Rev.
D 98 (2018) 035011.
[30] S. Alekhin et al., Rept. Prog. Phys. 79 (2016) no.12,
124201.
[31] M. Anelli et al. [SHiP Collaboration], arXiv:1504.04956
[physics.ins-det].
[32] J. D. Bjorken et al., Phys. Rev. D 38 (1988) 3375.
[33] F. Becattini and U. W. Heinz, Z. Phys. C 76 (1997) 269
Erratum: [Z. Phys. C 76 (1997) 578].
[34] F. Bergsma et al. [CHARM Collaboration], Phys. Lett.
157B (1985) 458.
[35] L. Borissov, J. M. Conrad and M. Shaevitz, hep-
ph/0007195.
[36] H. K. Dreiner, S. Grab, D. Koschade, M. Kramer,
B. O’Leary and U. Langenfeld, Phys. Rev. D 80 (2009)
035018.
[37] A. J. Buras, Acta Phys. Polon. B 34 (2003) 5615.
[38] S. Jager, Eur. Phys. J. C 59 (2009) 497.
[39] S. i. Nam and H. C. Kim, Phys. Rev. D 75 (2007) 094011.
[40] P. Ball and R. Zwicky, Phys. Rev. D 71 (2005) 014015.
[41] T. Hahn and M. Perez-Victoria, Comput. Phys. Com-
mun. 118 (1999) 153.
[42] T. Hahn and J. I. Illana, Nucl. Phys. Proc. Suppl. 160
(2006) 101.
[43] J. F. Fortin and T. M. P. Tait, Phys. Rev. D 85 (2012)
063506.
[44] D. Curtin et al., arXiv:1806.07396 [hep-ph].
[45] C. Alpigiani et al. [MATHUSLA Collaboration],
arXiv:1811.00927 [physics.ins-det].
[46] V. V. Gligorov, S. Knapen, M. Papucci and D. J. Robin-
son, Phys. Rev. D 97 (2018) 015023.
[47] A. Ariga et al. [FASER Collaboration], arXiv:1811.10243
[physics.ins-det].
[48] A. Ariga et al. [FASER Collaboration], Phys. Rev. D 99
(2019) 095011.
[49] R. Aaij et al. [LHCb Collaboration], Phys. Rev. Lett. 120
(2018) 061801.
[50] J. Liu, Z. Liu and L. T. Wang, Phys. Rev. Lett. 122
(2019) 131801.
[51] K. Rajagopal, M. S. Turner and F. Wilczek, Nucl. Phys.
B 358 (1991) 447.
[52] L. Roszkowski, S. Trojanowski and K. Turzynski, JHEP
1511 (2015) 139.
10
[53] M. Kawasaki, K. Kohri and N. Sugiyama, Phys. Rev.
Lett. 82 (1999) 4168.
[54] M. Kawasaki, K. Kohri and N. Sugiyama, Phys. Rev. D
62 (2000) 023506.
[55] K. Ichikawa, M. Kawasaki and F. Takahashi, Phys. Rev.
D 72 (2005) 043522.
[56] P. F. de Salas, M. Lattanzi, G. Mangano, G. Miele,
S. Pastor and O. Pisanti, Phys. Rev. D 92 (2015) no.12,
123534.
[57] S. Hannestad, Phys. Rev. D 70 (2004) 043506.
[58] K. Ichikawa, M. Kawasaki and F. Takahashi, JCAP
0705, 007 (2007).
[59] F. De Bernardis, L. Pagano and A. Melchiorri, Astropart.
Phys. 30 (2008) 192.
[60] T. Hasegawa, N. Hiroshima, K. Kohri, R. S. L. Hansen,
T. Tram and S. Hannestad, JCAP12(2019)012.
[61] J. Blumlein et al., Z. Phys. C 51, (1991) 341.
[62] A. M. Cooper-Sarkar et al. [WA66 Collaboration], Phys.
Lett. 160B, (1985) 207.
